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Introduction
Ischemic heart disease (IHD) is the leading cause of morbidity and mortality in the western world, even in China. It is estimated by the World Health Organization that IHD will be the leading cause of death in the world in the coming decades (Yang et al., 2013) .
To combat this serious disease, people have been trying to investigate and develop herbal Guanxinnng Tablet, 1985; Sichuan Biology Research Institute, 1977 , Leskov et al., 1976 Dutch Medicines Evaluation Board, 2012) .
In order to discover and develop more new drugs from these Dioscorea herbs, understanding the mechanism of Dioscorea saponins for treating IHD could be important. In our previous study, it was found that the chemical compositions of DN and DP were similar, and both were remarkably 3 different from DZ (Tang et al., 2013 and 2014; Zhu et al., 2010; Yi et al., 2014) . Hence, whether their different chemical profiles support their anti-IHD activity in common still needs to be answered.
Further, although there are a few of studies on these three herbs attenuating experimental hyperlipidemia and ischemia-perfusion injury or clinical angina pectoris, in forms of a single compound of saponin, total saponins or a patent Chinese Medicine (Lu et al., 2008; Wang et al., 2009; Wang et al., 2012) , so far the efficacies of these herbs have not been compared in the same animal model or a unified clinical trial. Thus, it is still unknown that whether these three herbs act via similar mechanism and whether they possess comparable therapeutic efficacy for experimental MI.
As it is widely accepted that isoprenaline (ISO) injection can readily induce acute MI in rats and as antioxidant activity is one of the key mechanisms of anti-MI efficacy (Long et al., 2012; Song et al., 2013; Cokkinos et al., 2006) , it is reasonable to use this model to compare the therapeutic effect of these three herbs with respect to antioxidant activity. So far, the published studies concerning anti-MI activity of DN, DP and DZ monitored only four indices related to the antioxidant activity in MI model. These were: creatine kinase (CK), lactate dehydrogenase (LDH); malondialdehyde (MDA); and total superoxide dismutases (SOD) (Ning et al., 2008; Wang et al., 2009; Wang et al., 2012) . But nonenzymatic antioxidants, which are also part of the antioxidant defense system, have not been reported for the bioactivity of these Dioscorea species in MI animals.
To comprehensively compare the anti-MI effect of DN, DP and DZ, in the present study, an additional myocardial injury marker enzyme, aspartate aminotransferase (AST), two enzymatic 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   4 antioxidants namely, catalase (CAT) and glutathione peroxidase (GPx), as well as an indicator of nonenzymatic antioxidants, namely, total antioxidant capacity (T-AOC) were assayed for different rat groups administered with total saponins from these three Dioscorea herbs. In addition, histological changes of experimental rat groups were examined by hematoxylin and eosin (H&E) staining and light microscopy observation. 
Material and methods

Materials, chemicals and reagents
Preparation and quantification of Dioscorea total saponins
The total saponins (TS) from DN, DP and DZ (abbreviated as DNTS, DPTS and DZTS, respectively) were prepared separately. The detail procedures (Section 2.2 in supplementary material)
were the same as that in our previous study (Tang et al., 2015) . These obtained extracts were individually suspended in 0.5% (w/v) aqueous sodium carboxymethyl cellulose (CMC-Na) for animal administration.
The quantification of DNTS, DPTS and DZTS was performed using ultra-high performance liquid chromatography with ultra-high definition accurate mass quadrupole time-of-flight mass spectrometry (Agilent Technologies, G6540A). The chromatographic conditions were the same as for our previous study (Tang et al., 2013) . For details, see Section 2.2 in supplement material. The base peak chromatograms of DNTS, DPTS and DZTS are shown in Fig. 1 .
Seven glycosides (as indicated in Fig. 1 ) and one aglycone (diosgenin, the main constituent of acid hydrolyzed total saponins), were identified by reference standards, and quantified in DNTS, DPTS and/or DZTS. For tentatively identifying other compounds in DZTS, see 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 A total of 72 rats were randomly divided into 9 groups: (1) normal control (0.5% w/v aqueous CMC-Na, i.g.); (2) model group (ISO injection only); (3) positive group (propranolol, 15 mg/kg i.g. for 3 days after ISO injection); (4)-(6) post-ISO groups: each group administered with DNTS, DPTS or DZTS; 300 mg/kg for 3 days after ISO injection ; (7)-(9) pre-and post-ISO groups: each group administered with DNTS, DPTS or DZTS; 150 and 300 mg/kg, respectively for 3 days both before and after ISO injection). All TS and propranolol were administered once daily except the day on which ISO was injected. For illustrated administration protocol, see Animals were treated with isoprenaline (1 mg/kg, s.c.) to induce experimental MI twice at an interval of 8 hours on the 4 th day. On the last day of experiment (8 th day), the animals were sacrificed. The blood samples were collected from the femoral arteries of rats anesthetized with diethyl ether.
Serum was saved at -80 o C following centrifugation at 4 o C at 4000 rpm for 20 min.
Histological examination of myocardium
Immediately after the sacrifice of the rats, the hearts were removed, washed with iced normal saline and fixed in 10% neutral formalin solution. The heart tissue was processed for sectioning and staining by standard histological methods. Sections (5 μm, Leica RM 2125, Germany) from the left ventricle were stained with hematoxylin and eosin (H&E) and examined by light microscopy (Leica DMR, Germany) at 200× magnification.
Assays for biological activities
Activities of CK, LDH, AST, SOD, GPx, CAT, T-AOC and MDA were measured using kits according to the manufacturer's instructions.
Data analyses
Data were expressed as means ± SD. A one-way analysis of variance (ANOVA) was used to compare the means among different groups. Post hoc multiple comparisons were done with Bonferroni and Turkey tests to further compare group data.
Analyses were conducted with SPSS 18.0 software. P value < 0.05 was considered to be statistically significant.
Results and discussion
Effects of Dioscorea TS on CK, LDH, and AST serum levels
The relatively high content of CK, LDH and AST in cardiac tissue accounts for the clinical usefulness of measuring the activity of these enzymes in serum to diagnose and monitor MI. This is because leakage of these enzymes acted as a marker of cell membrane damage (Cokkinos et al., 2006) . Thus, CK, LDH, and AST were measured in serum from experimental group animals ( Fig. 2 A-C). Compared with levels in the normal control group, ISO injection resulted in significantly increased activities of CK, LDH and AST in ISO model group ( ## P < 0.01), clearly suggesting that ISO produced myocardial damage.
Although there are some minor differences in values of enzyme activities among groups treated with DNTS, DPTS or DZTS, in general, no remarkable differences were observed. In other words, all three species restore the activities of myocardial injury marker enzymes more or less to the same extent. For the change percentage of CK, LDH and AST (defined in Fig. 2 ii), three pre-and post-ISO groups given different total saponins show greater changes than the positive group did except the LDH% of DP-PP group, and even DN-P and DP-P group exert greater changes than the positive group did in AST%. Thus it appears that these three TS could attenuate the cell membrane injury almost as potent as the positive drug. ii) Change percentage of assay markers for each group administered with different total saponins or positive drug. Compared to the model group, the change percentage of each marker was calculated as indicated in Fig. 2 ii. Values indicate greater changes than in positive group. Normal: normal control; ISO: model group only injected with isoprenaline; Pos: positive control (propranolol, 15 mg/kg); DN-P, DP-P and DZ-P: orally given DNTS, DPTS and DZTS, respectively, after ISO injection (300 mg/kg); DN-PP, DP-PP and DZ-PP: orally given DNTS, DPTS and DZTS, respectively, both before (150 mg/kg) and after ISO injection (300 mg/kg). Data are expressed as mean ± SD (n = 8 for each group). ## P < 0.01 vs. normal control; * P < 0.05, ** P < 0.01 vs. ISO group. 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 
Effects of Dioscorea TS on SOD, CAT, GPx, T-AOC and MDA serum levels
Oxidative stress plays an essential role in the pathologenesis of MI injury. The major reactive oxygen species (ROS), such as hydrogen peroxide (H 2 O 2 ), superoxide and hydroxyl radicals, are generated during ischemia and particularly during reperfusion (Cokkinos et al., 2006) . However, these potentially deleterious ROS are controlled by a system of enzymatic and nonenzymatic antioxidants which eliminate prooxidants and scavenge free radicals. As for enzymatic antioxidants, superoxide, is converted to H 2 O 2 by superoxide dismutase; then, excess H 2 O 2 can be reduced to H 2 O via the catalase or the glutathione peroxidase system. Thus, SOD, CAT and GPx were chosen to assay. As for nonenzymatic antioxidants, these involve myocardial hydrophilic antioxidants such as ascorbate and glutathione, and lipophilic antioxidants, such as ubiquinol 9, vitamin E (Haramaki et al., 1998; Noori, 2012) . Total antioxidant capacity is used to characterize the total level of antioxidants, particularly the nonenzymatic in biosamples by accessing ferric reducing antioxidant power (FRAP) (Benzie and Strain, 1996) . MDA, as a lipid peroxidation product, can be regarded as an index for the severity of cellular damage caused by ROS.
Compared with the normal control group, SOD, CAT, GPx and T-AOC levels in the ISO group decreased significantly ( ## P < 0.01), while MDA levels increased significantly ( ## P < 0.01) (Fig. 2 D-H) . Although groups administered with different TS, either post-ISO or pre-and post-ISO groups, did not show greater change percentage in all these five markers than the positive group did (Fig. 2 ii) , pathological levels of SOD, CAT, GPx and T-AOC and MDA in experimental MI rats 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   12 were almost normalized by TS treatment compared with ISO group (**P < 0.01 or *P < 0.05).
Further, comparing the serum antioxidant activities of the post-ISO groups and both pre-and post-ISO groups administered with the same Dioscorea TS, revealed that the latter -i.e., all groups that received Dioscorea TS, both before and after ISO injection, showed greater improvement. These results represent evidence that Dioscorea saponins have measurable, distinct and specific ability to prevent MI.
Compared with the relevant reports published, namely, methyl protodioscin, a single compound isolated from Dioscorea spp. (Ning et al., 2008) , and total saponins extracted from DP increased the antioxidative ability of myocardium in rats with ischemia-reperfusion model induced by coronary artery ligation (Wang et al., 2009) , the decreased activities of CK and MDA and enhanced activity of SOD were in accordance with our results; thus, the effect of Dioscorea saponins on CK, MDA and SOD were verified in our experiment. Furthermore, our findings revealed that the anti-MI mechanism of Dioscorea saponins is related to not only more varieties of enzymatic antioxidant, such as GPx and CAT, but also to nonenzymatic antioxidants. Our recent study shows that diosgenin, which is the main metabolite found in plasma and feces samples from all rat groups individually administered with DNTS, DPTS or DZTS (Tang et al., 2015) ; thus, we hypothesize that diosgenin is one of the bioactive compounds responsible for the amelioration effect of these three TS on MI, and the related research is ongoing. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 14
Effects of Dioscorea TS on myocardial histology
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Preparation and quantification of Dioscorea total saponins
The total saponins from DN, DP and DZ were prepared separately. The dried rhizomes of these herbs were crushed and 1 kg portions were refluxed thrice with 8 L of 70% The chromatographic conditions were the same as for our previous study (Tang et al., 2013) . Note: The determination of diosgenin underwent acid hydrolysis. The detailed procedure was described in our previous study (Tang et al., 2013) . The chromatogram of hydrolyzed DZTS, as well as DNTS and DZTS, was shown in Fig. S1 . DN-P, DP-P and DZ-P: orally given DNTS, DPTS and DZTS, respectively, after ISO injection; DN-PP, DP-PP and DZ-PP: orally given DNTS, DPTS and DZTS, respectively, both before and after ISO injection; 
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